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ABSTRACT 

Tlio  conventional  adapt ive-optic.s  (AO)  system  configuration  consi.sting  of  a  Sliack-Hartinann  wavefront  sensor 
using  the  Fried  geometry  is  prone  to  an  unsensed  waffle  mode  because  of  an  inability  to  have  discrete  point 
reconstruction  of  the  phase  at  the  actuator  jmsitions.  Techniciues  that  involve  filtering  and/or  proj(!cting  out  the 
waffle  mode  in  the  reconstructor  have  been  shown  to  be  effective  at  not  allowing  the  nnwant(>d  mode  to  occur, 
but  come  at  the  cost  of  also  omitting  relevant  high  frequency  content  from  the  measured  phase.  This  paper 
analyzes  a  technique  of  sensing  t  he  waffle  mode  in  the  deformable  mirror  commands  and  applying  a  siratial  filter 
to  those  commands  in  order  to  mitigate  for  the  waffle  mode.  Directly  spatially  filtering  the  deformable  mirror 
commands  gives  the  benefit  of  maintaining  the  reconstruction  of  high  frequency  phase  of  interest  while  having 
the  ability  to  alleviate  for  the  waffle  pattern  wlien  it  arises. 

Keywords:  adaptive  optics,  waffle  mode,  spatial  filtering 

1.  INTRODUCTION 

'I’he  waffle  pattern  is  a  mode  that  goes  unsensed  in  many  conventional  adaptive-optics  systems  that  use  t  he  Shack- 
liartinann  wavefront  sensor  (Sll  W'h’S)  and  Plied  sain|jling  geometry  to  measure  and  reconstruct  the  phase  at 
the  actuator  positions  of  the  deformable  mirror  (DM).  Wlien  this  mode  goes  nnsensed,  it  is  not  corrected  by 
the  DM  and  can  accumulate  within  the  closed-loop  operation  of  the  system.  During  night  testing  conducted  at 
the  Air  Force  Research  l^aboratory  (AFRL),  Starfire  Optical  Hange,  Kirtland  AFB,  NM,  this  waffle  has  been 
observed  on  their  3.5  meter  telesco|)e  AO  system.  When  this  mode  accumulates,  the  adapt ivt>-o|)tics  operator 
opens  the  feedback  loop  of  the  .system  in  order  to  clear  the  DM  commands  and  alleviate  the  waffle.  However, 
the  discontinuation  of  closed-loo])  adaptive-optics  imaging  is  undesirable  during  data  acquisition  runs.  The 
Al'^RL’s  Sodium  Guidestar  Adaptive  Optics  for  Space  Situational  Awareness  Program  (NGAS)  is  updating  the 
AO  system  on  the  SOR's  3.5  meter  telescope  and  sponsored  re.si'arcli  into  tccfiniquc's  to  mitigate  for  the  waffle 
when  there  is  an  accumulation  on  t  he  DM.  This  paper  will  discuss  a  technique  of  sensing  the  waffle  by  correlating 
the  DM  commands  witli  a  known  waffle  pattern  and  mitigating  the  waffle,  when  it  occurs,  by  spatially  filtering 
tho.se  commands.  The  techni(|ue  will  then  be  evaluated  e.xperimenlally  in  order  to  determine  its  utility  for  an 
operational  AO  system. 

Several  authors  have  explored  different  approaches  for  suppr»\ssing  t  he  waffle  mode  behavior  in  adapf  ive-optics 
systems.  Gavel  introducefl  a  teclmiciue  using  singular  value  deconqiosit  ion  to  modally  .segregate  and  penalize  the 
waffle  behavior,  thereby  suppressing  Hie  waffle  from  being  reconstructed  in  tlie  wavefront  .solution.'  There  has 
also  been  work  in  spatially  filtering  the  reconstruction  matrix  which  attenuates  higli  spatial  frequency  content, 
decreasing  sensitivity  to  misregistration  and  the  occurrence  of  waffle.'^  These  techniques  are  effective  at  not 
allowing  waffle  to  build,  yet  subsecpiently  suppress  the  spatial  frequency  content  that  is  associated  with  this 
particular  mode.  The  Hudgin  .sampling  geometry  could  also  be  utilized  and  is  sensitive  to  the  waffle  pattern, 
yet  we  used  the  Pried  geometry  to  match  the  NGAS  program  which  sponsored  this  research.''  'I’his  paper  will 
present  a  technique  that  only  alleviates  for  the  waffle  when  it  is  detected  and  does  not  effect  the  reconstruction 
of  the  phase  when  the  mode  has  not  accumulated  to  a  degree  that  causes  degradation  in  the  performance  of  the 
system. 

'I’he  next  section  will  discuss  how  the  waffle  mode  develops  and  why  it  goes  nnsensed  using  t  he  Fried  geometry 
coupled  with  the  SH  WI'S.  .Section  2  will  detail  the  method  u.sed  (o  sense  the  w£iflle  mode  when  it  develops  on 


Figure  1.  Waffle  mode  over  a  DM.  An  iiiterferogram  over  a  DM  is  sliowii  with  the  actuators  cominaiuled  to  the  waffle 
[jnttern. 


the  coiiiinands  sent  to  tlie  DM.  'I'lien  in  Section  3  tlio  inctliod  for  spatially  filtering  the  D.\l  coinniand.s  when 
the  waffle  is  sensed  will  be  discussed.  Section  4  pre.sents  the  optical  bench  setup  that  wjis  usetl  to  conduct 
the  experiments.  The  results  and  analysis  of  those  experiments  are  given  in  Section  5.  Section  G  presents  the 
conchtsions  from  this  research. 


2.  WAFFLE  MODE 

Waffle  is  a  prevalent  unsensed  mode  which  can  lead  to  unwanted  cominatids  sent  to  the  DM.  WF'Ss  with  square 
subapertures  aligned  to  the  corner-positions  of  a  DM  coupled  wit  h  a  I^ied  geometry  reconst  ruct  ion  method  is 
particularly  susceptible  to  this  mode,  as  shown  in  Figure  1.  The  Fried  geometry  has  no  cro.s.s-coupling  in  the 
discrete-point  reconstruction  of  the  jrhases  on  the  actuators,  detailetl  in  Section  2.1.  This  allows  pi.ston  differences 
between  two  independent  actuator  spaces  to  be  unsensed  in  the  reconstruction  of  the  phase. 

2.1  Unconstructed  waffle  inode  using  the  Fried  geometry 

SM  WT’Ss  catinot  measure  phase  directly.  Instead,  it  ineasun's  wavefront  gradients  over  each  subaperture.  The 
gradients  from  the  SH  WI'S  are  used  to  piece  together  a  map  of  the  plnisc  so  that  it  can  be  used  with  the 
.servo-controller  for  the  DM.  There  are  multiple  alignment  gw>m(!lrie.s  that  give  the  registration  between  the 
actuators  and  the  WFS  subairerl  ures  such  as  the  Hudgin  geometry,  Southwell  geometry,  and  Fried  geometry. 
Each  of  the  geometries  has  its  own  characteristics  that  affect  t  he  stability  of  the  control  .system,  but  the  Fried 
geometry  is  used  for  this  re.search.  'Fhe  Fried  geometry  is  a  common  choice  in  many  AO  .systems  because  of 
the  low  computational  conqilcxity  and  its  relation  to  scpiare  detector  arrays.  The  Fried  gcH)melry  defines  the 
relationship  between  the  relative  slopes  over  each  subaperture  measured  by  the  SH  W'FS  and  the  phase  of  the 
actuators  at  the  corners  of  the  subaperture.  Figure  2  is  a  depiction  of  the  Fried  geometry  over  a  subaperture 
where  tEc  pliascs  at  the  actuator  locations  and  the  subscripts  {n.m) 

designate  a  specific  actuator  position.  The  Fried  Ceomeiry  gives  a  direct  relationship  belwtHUi  the  measured  .r 
and  y  slopes  of  the  subaperture  («,)„.,„  and  (sy)„,„,,  and  pha.se  at  the  actuator  locations  given  by 


(1) 

(2) 


Fried  Gcomelry 


^Pii,m+I  ^Piiil.in+I 


*Pn,m  *Pn+l,in 

2.  I'riwI  geometry.  I  lie  slope  measurements  over  the  sul)ci|)erl lire  are  used  to  estimate  the  phase  at  the  eorner 
aciiiator  po.siiion.s. 


'l  ilt'  wallle  |)iittern  occurs  when  the  phase  hetweeii  act tialors  are  sensed  to  he  zero  when  in  aclnalily  they  have 
|)iston  dilference-s  helwiH'ii  iheni.'*  h'or  example,  in  the  siinplilieil  ca.se  where  the  aciinil  plni-st*  at  lh(>  acinalor 
jiositions  are  Yn.m  =  •  /tiad.  •^,,1  i.»i  =  “I  /trad,  =  -1  //rad,  and  j  =  1  //nid.  the  calcnhiled 

slopes  using  Eqs.  (1)  and  (2)  would  he  zero  lor  {.Sx)a,ri<  /‘it'l  •  I  li<’  piston  difrerences  helween  the  phtise 

ill  the  acliiiilor  posilions  iire  not  repre.senleil  in  tlie  ciilciiliiled  slopes  so  they  cannot  he  reconsi riicle/l. 

Due  to  the  large  niagniliide  of  act iiiilors  (hid  an'  list'd,  l'',(|s.  (1)  and  (2)  can  he  rt'pn'si'iilt'd  in  nmirix  rorin 
lor  coin])iilalionnl  sini|)licily, 

s  =  Ay'.  (;}) 


wht're  s  re|)resents  the  nit'asnrt'd  slopes  ovt'r  each  snhiiperl  nrt'.  A  is  the  hVit'd  gt'oint'l  ry's  mat  heniat  ical  rt'lat  ion- 
ships.  and  y  represents  I  lit'  plmsi'  ol  the  Wiivefront  over  I  lit'  acinalors.  In  oriler  to  proilnct'  an  t'stiinale  of  y. 
ilesignatt'il  its  O.  from  t  lit'  sltipe  mt'asnrt'int'nts  s.  a  relat  ion.shi|i  ninsi  lit'  tlt'lint'd  such  that 

/;i=M.s.  (1) 


whi'i't'  M  is  referretl  tti  iis  I  lit'  rectinsl nicttir  matrix.  .Xoling  I  hat  in  I'ltp  (d),  the  gt'omt'try  niiilrix,  A,  tlelines 
lilt'  rt'lat ionshi|)  helwt't'ii  the  measiiretl  slopes  iind  llit'  pha.st',  an  invi'ision  of  A  is  iisetl  to  product'  an  esliimite 
of  M.  I.east  .sf|iiart's  t'slinialion  is  I  lit'  most  common  techniipie  diit'  to  its  minimal  conipit'xily  pt'ilorming  ii 
pst'tiiloinver.se  of  A,  as  shown  hy 


A‘s. 

(5) 

(A^  A)-‘a'.s. 

{«) 

Ms. 

(7) 

'I'he  reconstruction  matrix,  M,  which  is  formed  hy  the  geonielry  matrix  is  thus  unable  to  form  a  solnlioti  of  the 
wallle  motit'  in  tlie  rectinsl rncl  ion  of  iht'  phii.se.  .\oise  in  I  lit'  Wiivt'IVoiil  st'iisor  mi'asiirt'mi'nts  iiiitl  misregistration 
ciiii  caitsti  the  wallle  to  tltivelop.  'riit'relfire  the  snhiiperl  iiri's  located  on  the  edge  of  the  sensor  iire  particniarly 
|ironi'  to  ilevelo]}  the  wiillh'  lirsi  due  to  the  lower  illmninal  ion  li'vels  anti  snli.seiinent  lower  sigiiiil-lo-noisi'  ratios 


in  those  areas.  The  waffle  pattern  can  then  accumulate  over  the  DM  in  a  closed-loop  feedback  system  because 
the  sensor  cannot  sense  the  mode  for  compensation.  A  bane-type  diffraction  pattern  can  form  in  the  image 
plane  of  the  system  when  t  he  D.VI  is  in  a  waffle  mode.  'I'his  tiilfraction  pattern  has  been  noted  to  occur  when 
com|}cnsating  for  a  star  with  a  r<?gnlar  arrangement  of  .s])ots  over  long  exposures.® 


2.2  Detecting  the  waffle  in  DM  commands 

The  waffle  mode  is  not  developed  in  the  reconstructed  pha.se  using  the  .Sll  WFS  and  Frietl  sampling  geometry 
and  therefore  cannot  be  detected  in  the  phase  space  using  this  configuration.  Though  due  to  the  nature  of  the 
accnnuilation  on  the  deformable  mirror,  discus.sed  in  Section  2.1,  the  waffle  shows  up  in  the  commands  being  sent 
to  the  actuators  to  form  that  pattern.*’  The  commands  to  the  D.M  can  then  be  used  to  determine  the  amount  of 
the  mode  that  is  within  the  AO  system  because  ultimately  the  chwkerwl  pattern  appears  there. 

Consider  the  3x3  matrix,  W,  that  have  values  that  are  in  the  form  of  a  waffle  arrangement , 


W  = 


1  -I  1 
-1  1  -1 
1  -1  1 


This  waffle  matrix,  W,  contains  a  pure  checkered  pattern  ami  is  used  to  evaluate  how  much  of  this  formation 
occurs  on  the  deformable  mirror  command  by  correlation.  'I'he  commands,  C(ni,n),  that  arc  sent  to  the  de¬ 
formable  mirror  are  two-dimensionally  cross-correlated  using  Mati.ab  ©.  with  the  pure  waffle  matrix,  W,  as 
shown  by 


Me  - 1  AV  - 1 

^  C(m,n)  •  W'(m  4- /,n +i),  (8) 

m=0  n=0 

where  V  is  the  cross-correlation  matrix,  (i,  j)  are  tlie  corresponding  actuator  positions  for  V,  {in,  n)  are  the  ac¬ 
tuator  coordinates  for  the  commands  sent  to  the  DM,  and  (A/,.,  N^)  are  the  dimensions  of  C.  'I’he  niagnitude  of 
V  at  t  he  actuator  positions  indicates  the  st  rength  of  correlat  ion  to  t  he  waffle  pattern  at  different  arturs  across  the 
DM.  A  threshold,  is  used  lus  an  itidicator  of  the  strength  of  correlat  ion  to  waffle.  The  threshold  is  determined 
by  purposely  inducing  the  waffle  mode  onto  the  AO  system  and  determining  the  strength  of  the  the  mode  that 
begins  to  degrade  the  system  in  terms  of  Strehl  ratio.  The  areas  that  are  strongly  correlated  to  the  waffle  mode 
and  snrpiiss  the  threshold  are  designated  as  a  waffled  region  and  the  number  of  regions  are  summed  together  to 
form  a  metric  for  the  amount  of  waffle  on  the  DM.  {>s  shown  by, 

r  1  .v(/.j)>A.,. 

v.„(bj)  ={  .  (9) 

[o  ,V(/,j)<<5„. 

J  i 

The  waffle  number,  C„„  provides  a  useful  metric  for  determining  the  amount  of  the  checkered  jrattern  that 
accumulates  on  the  DM,  while  the  waffle  matrix,  Vu,(i.j),  gives  the  spatial  location  of  where  the  waffle  is 
accumulating  on  the  D.M.  'I'his  r(?.search  is  using  spatial  filtering  t(*chniques  on  the  entire  D.M  when  it  is  applied, 
therefore  Ku'  is  used  as  the  general  metric  to  determine  the  elfwtiveness  of  the  filtering.  Future  research  will 
apply  a  localized  spatial  filter  to  specific  areas  of  where  the  mode  is  developing  so  the  waffle  matrix  V,i.(?,  j)  can 
be  used  sis  the  indicator  of  when  ami  where  to  apply  the  mitigation  technique. 


3.  SPATIAL  FILTERING  OF  DM  COMMANDS 


Spatially  lilti'iiiij'  tlic  (l(‘r(>riiial)l('  mirror  (-oiiimaiKis  »iv(*s  tlm  option  to  maintain  a  conventional  roconstnietor 
while  still  havin''  the  altility  to  intermittently  mitigate  the  wallle  mode  when  it  occurs.  Thereby,  niaintaiiiing  the 
hi”ii  rrecpiency  content  in  the  pha.se  that  corresponds  to  the  mode.  I'br  the  e.xperiments  in  this  paper,  a  spatial 
lilter  with  a  Can.ssian  prolile.  G.  as  shown  by 


G  = 


11.01  i.'i  iu)s:is  0.01  i:i 

0.08.iS  0.(iin3  O.tKW 
0.01  l.'i  0.08.TS  0.01  l.i 


was  n.s<‘d  to  alleviate  the  wallle  iiKale  by  applyiii"  the  matrix  directly  to  the  commands  .sent  to  the  l).\l.  The 
filler.  G.  is  two-<limen.sionally  cross-correlated  to  the  D.M  coinmands.  C(t/i.n).  as  shown  by. 

- 1  .V.  - 1 

C(i.j)=  ^  +  i.n +j).  (II) 

m=0  n=0 

when*  C  is  the  spatially-fillenHl  commands,  (i.j)  are  the  corresixjiidiii};  actuator  positions  for  C.  (ni./i)  are  the 
actuator  c<H>rdinales  for  I  he  commands  sent  to  the  O.M.  and  (.fL.  AV)  «re  the  dimensions  of  C.  .\n  investigation 
of  the  form  f)f  the  Gaussian  spatial  filler  sl>ows  that  in  the  case  that  wallh*  <l«jes  occur  over  the  deformable 
mirror,  t  he  corri'lalion  of  I  he  G  matrix  will  de-weight  I  he  corner  act  inOor  |K)sil  itms  while  maintaining  a  majority 
of  the  data  in  the  center  actuator  command.  The  actuators  dinn'tly  to  the  side  of  the  center  actuator  are  of 
higher  weight  iti  the  G  matrix  corres|>onding  to  the  inherent  coupling  of  local  actuators  on  a  continuous  faceplate 
deformable  mirror. 


4.  EXPERIMENTAL  SETUP 

The  experiments  were  conducted  at  the  .\t mospheric  Simulation  and  .Adaptive-Optics  Lalioratory  Testbed 
(AS.ALT)  at  the  SOH.  Kirtland  .AFIf.  N.\l.  The  primary  benefit  to  this  laboratory  is  that  experiments  can 
be  conducted  using  repeatable  turbulence  conditions  and  is  in  a  well-controlled  environment.  The  optical  bench 
described  in  .Stn^ion  1.1  and  its  corres|H)nding  hardware  is  controlled  by  a  coni|)Ul<’r  coii-sole  which  comptites  all 
of  the  data  proces.se.s  in  the  .AO  system.  This  console  allows  for  programmable  prore.^sing  scrijits  to  be  inserted 
in  the  data  flow  of  the  .AO  .system,  giving  the  aliility  to  spatially  filter  and  monitor  the  1).\1  commands  as  well 
as  induce  the  wallle  intentionally,  as  described  in  Section  1.2. 

4.1  Laboratory  bench  setup 

A  layout  of  the  bench  and  its  o|)tics  is  given  in  Figure  .'f.  The  beam  path  on  the  optical  table  begins  with  a 
l.'i.'iO  tun  laser  as  the  source.  The  beam  is  pro|)agated  through  the  tit  mospheric  turbulence  simulator  (.A'I'.S) 
consisting  of  two  pha.se  wheels  that  are  used  to  siimtlate  the  tit mositheric  conditions,  which  can  be  user-defined. 
The  aberiiited  beam  is  then  reflected  off  a  steering  mirror  (S.\l)  in  order  to  compen.sate  for  the  tilt/tip  in  the 
beiun.  The  D.M  then  ttpitlies  a  high-order  correction  to  the  beiiin  and  is  controlled  by  the  D.M  controller.  .After 
relle<-ting  off  the  DM,  the  beam  is  then  projected  through  a  set  of  beamsplitters  to  the  .Sll  WF.S  and  self- 
referencing  itilerferometer  (.SHI).  'Fhe  SHI  is  a  WF.S  that  can  directly  measnu*  thi*  pha.se,  but  in  this  research 
the  Sll  WF.S  will  be  nsisi  to  clos*-  the  .AO  loop.  The  beam  is  focuseil  and  readjusted  with  the  optics  within  this 
pri)ces.s  to  simulate  a  l.'i  meter  .AO  system. 

4.2  Experiincnt  pnrainctcr.s  aurl  waflic  iiidiicxMiiuiit 

The  experiments  for  this  ri‘S<'arch  were  run  using  moderate  atmospheric  turbulence  conditions,  varieri  fry  the 
-AT.S.  I\ach  data  run  was  conducte<l  for  100  frames  of  <latn.  where  the  system  spintl  is  .scalable.  The  SM  was 
initiate<l  at  frame  o  to  alleviate  for  the  overall  tilt  incident  on  the  D.M  ami  comniands  were  sent  to  the  D.M 
at  frame  10  to  Irngiii  mitigating  for  the  higher  order  aberrations  caiiscsl  by  the  atimtspheric  tiirlnilence.  The 
primary  metric  for  this  r«*si*ari-h  wms  iK>t  the  performance  of  the  .AO  system  in  terms  of  Strehl  ratio,  but  the 
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iiiitigatioii  of  the  wallle  mode  aecmmilat ion.  i'u..  of  ilie  l).\l.  'I'liendore.  in  order  to  tnitiaate  the  mode  in  the 
(•.viteritnetits.  tlie  disttirhance  wjus  added  to  tlie  .sy.slem. 

I'liere  are  mnitiple  coitditiotis  I  hat  are  conditfive  to  acetmmlal  iti"  wallle  oti  the  I).\l,  a.s  inent  ioiii'd  in  Section  2. 
'I’he  cati.se.s  can  range  from  mi.sregist  rtil  ion  to  high  tioise  levels  out  hesc'iisor.  htit  for  I  his  re.sc'arch  tt  ntore  cotit  rolled 
methodology  was  re(|ttired  in  order  to  rt'iteat  tin'  expt'rimt'nis.  'rherelon'.  a  wallle  paltt'rti  wa.s  added  to  the 
comitiattds  sent  to  tin*  lower  right  (|itarler  of  the  deformahle  mirror  with  a  controlled  magtiitttde  of  l).22r)  ftn\  of 
stroke  frottt  frames  20  to  10. 

The  cont  rolled  nature  of  t  he  imlttced  wallle  (list  tirhancc'  is  henelicial  dtte  to  the  r(>])t'atal)ility  of  t  he  condition, 
yet  tntist  he  difl'ereiitiated  frotn  the  cotiveni ional  catises  that  indttce  the  develo])iti('tit  of  the  imtde  intertially 
withiti  operational  .\{)  systems.  The  servo-controller  nsed  to  produce'  the  l).\l  commands  has  a  h'aky  ititegrator 
gain.  II.  to  di.s.sipitte  tmoh.servi'd  mock's  stich  tus  the  wallh'.  its  shown  hy 


a  +  i  =  «  <k  t  l>  Okrl.  (12) 

wht'fe  cj,.+  i  is  the  ne,\t  commatid  to  tint  DM.  is  thi'  ettrrent  commatid.  h  is  the  lilter  gtiiti.  and  Ok  +  i  is  the 
recotist rnett'd  rc'sidtial  phtist'  oil'  tiu'  D.M.  'I'he  leaky  itit('griitor  gain  is  convetitionally  .st'l  to  <  I  so  tlnrt  ('ven  if 
the  residtial  pha.se  was  zi'ro  and  tin' t nrhitk'nce  wa.s  static,  tin'  in'xt  D.M  cotnmatid.  wottid  not  he  e(|nal  to 

tin'  ctirrc'iit  command.  <•/;.  'This  cotniition  is  ititent ionally  set  iti  onk'r  to  ttllow  tmob.servahk'  tinnk'S  to  ‘Icitk’  out 
of  tin'  closed-loo|t  sy.st('tti.  Though,  if  tin'  catt.ses  of  the  wallk'  develoitment ,  sttch  its  nois('  and  tnisri'gisti'ittion, 
n'iich  it  tnagnitnde  that  can  overconn'  tin'  leaky  ititegrator  gaiti's  ability  to  dissi|)ate  tin'  mode,  the  wallle  can 
begin  to  accinnnlate. 

5.  RESULTS  AND  ANALYSIS 

I'igtirc'  1  is  a  plot  of  tin'  .Strehl  ratio  atid  waffle  ntnnln'r.  I’,,.,  o|  tin'  clo.sed-looii  .AO  systetn  ttsing  a  tnrbtilence 
cotniition  with  a  Fried  parameti'r  of  i\)  =  10.8.")  cm.  I  he  wallle  iiiitti'rn  was  itidnced  otilo  tin'  D.M,  as  inent iotied 
in  Sf'ction  1.2.  and  began  to  (k'griide  the  .system  performance  at  fraiin'  20  tus  the  modi'  began  to  accmniilate.  The 
(lanssian  filter  was  not  applied  in  this  data  rmi  and  tin'  miwanti'd  modi'  was  allowed  to  continue  to  sjiatialiy 
propagate  across  the  D.M.  The  wallle  iiidncement  stops  at  frame  10  and  F,,.  begins  to  slowly  dissipate'  over  time 
becan.se  the  leaky  integrator  gaiti  in  Ihe  , servo-controller  is  si'l  to,  n  =  0.!)!).  The  di.s.sipal ion  is  ti  characteristic 
of  tin'  tnelhod  usc'd  to  arliliciidly  place  Ihe  wallle  oti  Ihe  D.M,  a.s  nii'iil iotied  in  Section  1.2.  The  optical  bench 
used  in  this  re.searcli  has  low  noise'  levels  and  was  care'fiills’  aligned  .so  when  wallle  wa.s  no  longer  commanded 
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5.  Slrrlil  ratio  and  walllr  ai'i'iiniulation  (I’u.),  m  =  cm.  ’I'tic  spatial  liltcr  i.s  turned  on  atid  dissipates  llio 

walllc. 

at  fraint'  II).  tlio  leaky  iiilegriilor  giiin  was  able  to  grailtially  (lecrea.se  the  ainoiiiil  (d  the  iinol (.served  itnale.  The 
coitiinaiidcd  walile  in  liaise  (>x|ieriinetits  sliow  tlie  (‘IFects  it  hius  on  the  perronnance  of  I  lie  sysliMii.  ils  shown  by 
the  decrt*a.se  in  Strehl  ratio  in  relation  to  the  tnaanil  ii(l(‘  ol  the  inotle's  developititnil. 

Tin*  saitie  (‘.xperiinental  conditions  wc're  repeaii'd  in  another  data  run  <>\cepi  ih(‘  spatial  lilti*r  wjls  aclivatcHi 
la-tween  fratnes  ll-l(i  which  began  at  the  peak  nccninnlat ion  point  ol  the  walile.  as  shown  in  I'igitre  Tin- 
spatial  lilter  is  applii-d  for  live  Iratiii-s  and  tin-n  di.si-ngagisl.  l-'igiin-  (ia  displays  tin-  coininaiids  Ix-ing  sent  tu  the 
l>.\l  at  tin-  tnn.xiinittn  wallh*  accittnitlalioii  poitit.  The  ttnah-'s  cin-cki-n-d  appc-arance  is  distiin  tivc-ly  apparent  and 
is  vi-rific-d  wit  It  a  =  .'ilS,  .signirving  a  large  eorrelat  ioti  to  wallh-  on  I  In-  DM  cotninatnls,  as  showti  by  l-'igtire  (ie. 
Spatially  hllc-ritig  the  eotiintatnls  In-twi-c-n  fratnes  II-  Hi  dlssipatisl  tin-  wallh-  while  n-tainitig  tin-  low(-r  fn-citn-tiey 
conli-tit  of  the  phase-.  Figttn-s  (ib  atnl  (kl  show  tin-  ('otntnatnis  bi-itig  S(-nt  to  D.M  at  fniiin-  la  atnl  tin-  ainoittit  of 
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I'^igiirc  (i.  Display  of  tin*  I'oiiiiiiatul.s  and  corrospoiulinR  wafile  accmniilation  {l’„  )  on  llio  <li‘rornial>l('  mirror,  ro  =  10. S, a 
fin. 


(liiniiiislu’d  wallli-  wil  li  a  F„.  =  l.'l.  rnspccl  ivoly.  Tlu’  aliilily  to  maintain  niosi  ol  I  lu*  inlormal  ion  of  I  Im  fnininands 
allows  dll'  .'\()  .sy.sti'in  to  ri'inain  flosed,  yi't  clnars  out  tlif  nnwanli’d  modi'  to  a  ni'j;lif;il)li'  nta^nilnilt'. 

Till'  nii'an  Siri'lil  ratio  of  ( Im  AO  sysli'in  using  tlu'  1  nrlnili'iiri' i-oiidil  ions  in  figini's  1  anil  6,  without  int  roiitic- 
iiig  wallli'  or  lilli'i'iiig.  is  approximali'ly  0.(i.  I'Yami’s  80-100  on  I'ai'li  data  rim  liavn  similar  Stri'lil  ratios,  though 
I'ach  havi'  iliHi'ii'iit  ai-i  iinmlations  of  wallli'.  l-'igiiri'  -1  has  an  avi'iagn  1',,.  =  80  ovor  thi'si'  Irami's,  wliili*  figiirn  T) 
has  a  iii'gligihli'  amomit  of  wallli'.  I  his  suggests  that  the  .AO  system  has  a  threshold  to  the  mode  whieli  it  ran 
opi'rate  under  hefore  there  is  a  major  degradation  in  the  performanee  of  the  system.  This  analysis  can  he  used 
to  delermine  how  niiieh  wallle  aeeumiilation.  I'n,,  is  affe|)tal)le  hefore  the  system  should  he  aetively  s|)alially 
liltered  and/or  siiggi'st  an  adjustment  in  4,,.. 


6.  CONCLUSION 

This  paper  diseusses  a  teehnii|tii'  to  deti'et  and  mitigate  the  wallle  mode  in  the  eoniniands  .sent  to  the  1).\1  using 
a  eonvi'iit ional  adapt ivi'-opties  system.  The  mode  is  niiohservahle  in  the  phase  spaee  using  a  Sll  WF.S  and  l-'ried 
sampling  gi'onietry,  hut  heeau.se  the  wallle  pattern  ultimately  develops  on  the  eomniauds.  it  ean  he  monitored  in 
the  I).\l  spaee.  .A  wallli'  luelrie.  I’,,.,  was  delined  in  Seelioii  2. "2  wliiih  deserihes  how  strongly  the  1).\1  eommands 
are  eorrelated  to  a  wallle  pattern.  This  nietrir  was  ii.sisl  to  measiire  the  elfeetiveness  of  spatially  filtering  the  l).\l 


comiiiands  as  a  motliod  to  alU'viate  t  he  wallle.  The  <l<‘te(’(ion  an<l  iniligatioii  IfcliniqiK's  wore  experiiiH'iitally 
tested  and  verilied  on  a  elosed-loo]>  AO  sysit'iu  in  tlie  ASALT  laboratory.  The  spatial  filtering  technique  does  not 
rwjuire  any  additional  hardware  and  was  shown  to  be  highly  effective  at  mitigating  for  the  mode  in  clo.sed-loop 
o|)eratioii.  This  analysis  suggests  that  tin*  technique  is  a  viable  option  for  alleviating  wallle  in  operational  AO 
.systems  and  will  be  pursued  further  in  future  research. 
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